Background--Low body mass index (BMI) and serum creatinine are surrogate markers of frailty and sarcopenia. Their relationship with cause-specific mortality in elderly patients undergoing percutaneous coronary intervention is not well studied.
M ore than 250 000 adults aged >65 years underwent percutaneous coronary intervention (PCI) in the United States in 2010. 1 Because this number is expected to increase with the changing demographics, it is important to ascertain the factors related to cause of death in patients undergoing high-risk procedures. Sarcopenia, which is age-related decline in skeletal muscle mass, 2 and frailty, which is a biological syndrome of decreased reserve and resistance to stressors, 3 are associated with adverse outcomes in older adults. 4 Both low body mass index (BMI; in kg/m 2 ) and low serum creatinine are surrogate markers of frailty and sarcopenia in older adults. [4] [5] [6] [7] No study, to our knowledge, has explored their combined association with cause-specific mortality in elderly patients with coronary artery disease (CAD). The inverse association of BMI and all-cause mortality in patients with CAD 8 and those undergoing PCI 9, 10 has been recognized as the "obesity paradox." Low serum creatinine has been noted to be associated with higher all-cause mortality in critically ill patients 11 ; however, prior studies in these patients have either excluded or included few patients with low BMI (<20 kg/m 2 ) and with low creatinine (<0.7 mg/dL). 9, 10 A possible explanation for the nonlinear relationship of BMI and serum creatinine to mortality is higher prevalence of sarcopenia, frailty, and other comorbidities in elderly patients. Consequently, we explored the association of low serum creatinine and BMI with cause-specific mortality and cardiovascular outcomes in elderly patients undergoing PCI.
Methods Patient Population
The Mayo Clinic PCI registry contains prospectively collected data since 1979 on all patients undergoing PCI at the Mayo Clinic in Rochester, Minnesota. 12 For the present study, we included consecutive patients aged ≥65 years who underwent PCI at the Mayo Clinic in Rochester from January 1, 2000, to December 31, 2011, and had serum creatinine level available within 1 month prior to PCI. If patients had >1 PCI during the study period at our institution, only the first PCI was used. All participants gave consent to use their medical records for research purposes. Of the 10 399 patients aged ≥65 years that had PCI during the study time frame, 1005 patients were excluded because of unavailable serum creatinine levels, leaving 9394 for the current study. Demographic, clinical, angiographic, procedural, and medication data available in the data registry were assessed for all patients, as described previously. 12 The study was approved by the Mayo Clinic institutional review board.
Definitions
The patient population was divided into 4 groups according to serum creatinine levels: low (≤0.7 mg/dL), normal (0.71-1.0 mg/dL), high (1.01-1.4 mg/dL), and very high (>1.4 mg/dL). BMI categories were defined as low (<20 kg/m 
Outcomes
The primary outcome was all-cause mortality classified into cardiovascular and noncardiovascular deaths. Cardiovascular deaths included causes that were cardiac (myocardial infarction [MI], sudden cardiac death, congestive heart failure or structural heart disease, interventional or surgical procedure related, and other cardiac) and vascular (hemorrhagic stroke, ischemic or undefined stroke, abdominal aortic aneurysm rupture, and other vascular). Noncardiovascular deaths were from cancer (solid organ, hematologic), infection, chronic diseases (neurological, pulmonary, renal failure, liver or multiorgan failure, natural causes), hemorrhage (gastrointestinal, other), pulmonary embolus, iatrogenic causes (noncardiac procedure or surgery related), trauma (accident or trauma, suicide), acute surgical noncardiac causes, and other noncardiac causes. The details of the classification of mortality and ascertainment of deaths were described previously. 13 Secondary outcomes included in the study were MI and target vessel revascularization (TVR), as defined previously. 14 The composite end point for long-term outcomes was all-cause mortality or MI or TVR. Postdischarge follow-up was obtained by a centralized telephone interview conducted by an experienced data technician 6 and 12 months after the index procedure and annually thereafter. The details of the follow-up have been mentioned previously. 14 
Statistical Analysis
Continuous variables were summarized as mean (standard deviation), and categorical variables were summarized as frequencies (percentages). Differences in clinical and angiographic characteristics between the 4 creatinine and BMI groups were compared using 1-way ANOVA for continuous variables, the Kruskal-Wallis test for ordinal variables, and the Pearson chi-square test for categorical variables. The Spearman correlation coefficient was used to assess the relationship between serum creatinine and BMI. Long-term follow-up started after discharge for participants who survived to discharge. Only 2.6% of these participants had <30 days of follow-up and were treated as censored on the last day that vital status was available. Unadjusted competing risk plots were made for cardiovascular and noncardiovascular mortality by serum creatinine and BMI groups. Cox proportional hazards models were used to estimate the association of BMI and creatinine groups with all-cause mortality, cardiovascular mortality, noncardiovascular mortality, recurrent MI, TVR, and the composite end point. These models were adjusted for age; sex; BMI group; diabetes mellitus; hypertension; smoking; history of MI; peripheral vascular disease; cerebrovascular accident; chronic obstructive pulmonary disease; congestive heart failure; hypercholesterolemia; Canadian heart class; unstable angina; history of tumor, lymphoma, or leukemia; metastatic cancer; prior PCI; prior coronary artery bypass grafting; ejection fraction; pre-PCI shock; use of intra-aortic balloon pump; presence of thrombus; type C lesions; use of drug-eluting stents; and number of diseased vessels. Sensitivity analysis after including the procedure date in our Cox model changed the parameter estimates by <0.025, so time variable was not included in the final models. Missing values were imputed using the median values for continuous variables and the most common value for binary variables. Because all imputed variables had <4% missing values except for number of diseased vessels (7%), thrombus in any lesion (6%), congestive heart failure (6%), history of cholesterol (5%), and type C lesion (5%), simple imputation was used instead of multiple imputation. 15 All models were fit with and without an interaction term between creatinine group and BMI group. All tests were 2-sided, and P<0.05 was considered statistically significant. SAS version 9.3 or higher (SAS Institute) was used for all analyses. 
Results

Descriptive Characteristics
The mean age of the study population was 75.7AE6.6 years, and 66% were male (n=6217). Mean BMI was 29.3AE5.4. Table 1 summarizes the clinical and angiographic characteristics stratified by the 4 groups of serum creatinine. Mean BMI in the patients with low serum creatinine was significantly lower than other groups (P<0.001); however, the correlation between BMI and creatinine was very weak (r=0.065; P<0.001). Patients with low serum creatinine were also younger, more frequently women, and current smokers and presented more frequently with MI compared with patients with very high serum creatinine. Traditional cardiovascular risk factors were less prevalent in patients with low serum creatinine compared with patients with high serum creatinine. History of tumor, lymphoma, or leukemia was similar in patients with low and higher creatinine levels. Angiographic characteristics such as presence of thrombus and bifurcation lesions were significantly more common in patients with low serum creatinine. Patients with low creatinine levels had a significantly higher frequency of emergency PCI (P=0.02), use of drug-eluting stents (P<0.001), and glycoprotein IIb/IIIa inhibitors (P<0.001) compared with other creatinine groups.
The number of patients in various BMI categories was as follows: <20 kg/m 2 , n=193; 20 to 25 kg/m 2 , n=1775;
25.1 to 30.0 kg/m 2 , n=3644; >30 kg/m 2 , n=3754.
Patients with low BMI were significantly older; were more often female; had higher incidence of preprocedural shock, history of cerebrovascular accident or transient ischemic attack, chronic obstructive pulmonary disease, or tumor, lymphoma, or leukemia; and had higher use of prophylactic intra-aortic balloon pump (Table 2 ).
In-Hospital Outcomes
The rate of in-hospital death was 4%, 3%, 2%, and 1% in patients with low, normal, overweight, and obese BMI, respectively (P<0.001). There was no difference in the rate of in-hospital MI between these groups (P=0.21) ( Table 2 ). The rate of in-hospital death was 2%, 1%, 2%, and 4% in patients with serum creatinine of ≤0.7, 0.7 to 1.0, 1.01 to 1.4, and >1.4 mg/dL, respectively (P<0.001). The rate of inhospital MI was 4%, 4%, 5%, and 6%, respective to the 4 creatinine groups (P=0.047) ( Table 1) .
Long-Term Outcomes
During a median follow-up of 4.2 years (interquartile range 1.8-7.3 years), 3243 deaths (1510 cardiovascular deaths, 1631 noncardiovascular deaths), 1229 recurrent MIs, 1416 TVRs, and 4464 composite events of death, MI, or TVR occurred. In the multivariable adjusted model, low BMI was associated with a significantly increased risk of all-cause mortality (hazard ratio [HR] 1.37, 95% CI 1.12-1.68) compared with those with normal BMI (Figure 1 ), which was due to both increased cardiovascular mortality (HR 1.35, 95% CI 1.01-1.80) and noncardiovascular mortality (HR 1.42, 95% CI 1.06-1.89). The composite end point of death, MI, or TVR was also significantly increased in patients with low BMI (HR 1.28, 95% CI 1.06-1.55). Compared with normal BMI, overweight or obese BMI (>25) was associated with a %20% reduction in cardiovascular mortality, a 15% reduction in noncardiovascular mortality, and a 15% reduction in the composite end point (Table 3) .
Low serum creatinine was not associated with increased risk of outcomes compared with normal serum creatinine ( Figure 2 ). Groups with high and very high serum creatinine were associated with worse outcomes compared with normal serum creatinine (Table 3) . In-hospital outcomes
In-hospital death, n (%) 9 (2) 28 (1) 69 (2) 61 (4) <0.001
In-hospital any MI, n (%) 20 (4) 123 (4) 219 (5) 99 (6) Prior CABG, n (%) 33 (17) 455 (26) 1091 (30) 1148 (31) <0.001
Peripheral vascular disease, n (%) 42 (22) 278 (16) 534 (15) 579 (16) 0.08 CVA/TIA, n (%) 52 (27) 291 (17) 602 (17) 570 (15) <0.001
Moderate or severe renal disease, n (%) 14 (7) 81 (5) 145 (4) 158 (4) 
Stratified Analysis
A significant interaction was noted between creatinine and BMI for all-cause mortality and cardiovascular mortality (P=0.013); however, there was nonsignificant evidence of an interaction for noncardiovascular mortality (P=0.076). Table 3 summarizes the association of creatinine groups with outcomes stratified by low, normal, overweight, and obese BMI groups. In patients with normal BMI, low creatinine was significantly associated with increased all-cause mortality (HR 1.80, 95% CI 1.28-2.52) and cardiovascular mortality (HR 2.29, 95% CI 1.37-3.83) compared with normal creatinine (Figure 3 ). There was no significant association between low creatinine and noncardiovascular mortality (HR 1.35, 95% CI 0.84-2.19) in patients with normal BMI. High creatinine was significantly associated with worse outcomes in all BMI groups except those with BMI <20 kg/m 2 . In patients with BMI <20 kg/m 2 , no significant association was noted between serum creatinine and cause of death, possibly secondary to a small sample size and reduced power (Table 4) .
Discussion
The major findings of this study were: 1), In elderly patients undergoing PCI, low BMI was associated with increased longterm cardiovascular and noncardiovascular mortality, whereas overweight and obesity BMIs were associated with reduced cardiovascular and noncardiovascular mortality, demonstrating a J-shaped curve. Second, in patients with normal BMI, low serum creatinine was associated with increased long-term cardiovascular mortality. Third, high creatinine was associated with increased mortality and cardiovascular events. It is expected that by 2030, every fifth person in the United States will be aged >65 years and represents the fastest growing demographic group. We and others have demonstrated a shift in the burden of CAD toward older persons in the past 2 decades, and during the same period, novel therapeutic approaches have improved their survival. These 2 concomitant forces-displacement of the burden of disease toward older persons and improved survival-led to a fundamental change in the epidemiology of CAD, and Figure 1 . Adjusted association of BMI with cause-specific mortality in elderly patients undergoing PCI. The gray line corresponds to a hazard ratio of 1. Hazard ratios (circles) and 95% CIs (error bars) are shown after adjusting for age; sex; BMI; diabetes mellitus; hypertension; smoking; history of myocardial infarction; peripheral vascular disease; cerebrovascular accident; chronic obstructive pulmonary disease; congestive heart failure; hypercholesterolemia; Canadian heart class; unstable angina; history of tumor, lymphoma, or leukemia; metastatic cancer; prior PCI; prior coronary artery bypass grafting; ejection fraction; pre-PCI shock; use of intra-aortic balloon pump; presence of thrombus; type C lesions; use of drug-eluting stents; and number of diseased vessels. BMI indicates body mass index; PCI, percutaneous coronary intervention.
survivors are now older persons with substantial comorbidity that presents enormous societal and economic challenges. Consequently, prognostic determination of surrogate variables linked to aging such as low BMI and serum creatinine becomes important. 3 Previous studies were limited by the number of elderly patients with low BMI and serum creatinine 10 and did not have details of cause of death. 16 The present study is one of the largest studies including elderly patients who underwent PCI with an adequate number of patients with low BMI and/or low serum creatinine.
BMI and Outcomes
A meta-analysis of 10 studies in patients undergoing PCI reported that low BMI (<20 kg/m 2 ) was associated with increased total and cardiac mortality compared with those with normal BMI. 17 Another study including 23 604 participants pooled from 11 PCI clinical studies reported that low BMI (<18.5) was associated with a significantly increased risk of allcause mortality. 16 A recent study of elderly patients with acute MI also found that low BMI was associated with increased longterm mortality after adjusting for markers of cachexia, frailty, and nutritional status. 18 None of these studies, however, had detailed assessment of noncardiovascular mortality, and some of them assumed that mortality after PCI was from cardiovascular causes only. 16 Because of the availability of causespecific mortality in our database, we found that increased allcause mortality in patients with low BMI was not only secondary to cardiovascular causes but also for noncardiovascular reasons. A higher prevalence of smoking, chronic lung disease, and leukemia or lymphoma and other unrecognized factors such as frailty, disability, poor nutritional intake, and sarcopenia 4, 5, 18 may account for the increased risk of noncardiovascular death in patients with low BMI. This finding is similar to the general population of the United States in the National Health and Nutrition Examination Survey (NHANES) database, for which low BMI was associated with increased noncardiovascular mortality primarily from noncancerous etiologies like chronic respiratory diseases, infectious diseases, or injuries. 19 Patients with low BMI had >50%
higher relative risk of recurrent MI compared with those with normal BMI, translating into increased cardiovascular mortality. These patients had a higher frequency of pre-PCI shock, intra-aortic balloon pump use, low ejection fraction at presentation, and left anterior descending artery obstruction, placing them at a higher risk of recurrent cardiovascular events during follow-up. Furthermore, previous studies have reported that patients with low BMI are also less likely to receive guidelinebased medical therapies. 18, 20 An obesity paradox has been reported among CAD patients wherein overweight and obese patients have reduced all-cause mortality compared with patients with normal BMI. 8, 9, 21, 22 In a recent meta-analysis, Sharma et al reported that overweight BMI was associated with reduced cardiac mortality; however, obese BMI was not. 17 In the present study, overweight and obese patients had significantly reduced cardiovascular and noncardiovascular mortality compared with those with normal BMI. Reduced cardiovascular mortality in these patients is likely explained by several factors including misclassification of lean and fat mass by BMI, 21 more aggressive risk factor management in obese patients, 23 increased production of soluble tumor necrosis factor a receptors in the adipose tissue neutralizing the deleterious effects of tumor necrosis factor a on the myocardium, 24 lower atrial natriuretic peptides, and improved endothelial function. 21, 22 Overweight and obese patients also have higher metabolic reserve and less cachexia, which may benefit them in critically ill states. 25 Other factors that have been implicated include the presence of unadjusted confounding factors, selection and lead time bias, and genetic differences. 21, 22 No significant differences were noted in the rate of recurrent MI or repeat revascularizations between patients with overweight/obese BMI and normal BMI.
21,26
Serum Creatinine and Outcomes
The association of very high serum creatinine with increased mortality and worse cardiovascular outcomes is known. 27 Low serum creatinine is a surrogate marker for reduced muscle mass and sarcopenia. 4, 5 Previous studies in critically ill patients have demonstrated that low serum creatinine was associated with increased mortality 11, 28 ; however, limited studies have investigated this association in CAD patients, and there are no data on the association with cause-specific mortality. [4] [5] [6] [7] We identified a unique subgroup of patients with normal BMI and low serum creatinine, which was associated with increased cardiovascular mortality after PCI compared with patients with normal BMI and normal serum creatinine.
Competing risk plots also suggested that the noncardiovascular mortality rate was higher in the first 2 years after PCI in patients with low serum creatinine and normal BMI compared with those with normal creatinine and normal BMI (Figure 4) . The number of patients in this subgroup was small (n=128), so this finding is only hypothesis generating. Reduced muscle mass or sarcopenia is associated with frailty, metabolic derangements, and poor long-term outcomes. 4, 5, 29, 30 Previous studies have also shown that participants with normal BMI and central obesity may have reduced lean mass. 31, 32 A combination of sarcopenia and obesity, termed "sarcopenic Figure 2 . Adjusted association of serum creatinine with cause-specific mortality in elderly patients undergoing PCI. The gray line corresponds to a hazard ratio of 1. Hazard ratios (circles) and 95% CIs (error bars) are shown after adjusting for age; sex; body mass index; diabetes mellitus; hypertension; smoking; history of myocardial infarction; peripheral vascular disease; cerebrovascular accident; chronic obstructive pulmonary disease; congestive heart failure; hypercholesterolemia; Canadian heart class; unstable angina; history of tumor, lymphoma, or leukemia; metastatic cancer; prior PCI; prior coronary artery bypass grafting; ejection fraction; pre-PCI shock; use of intra-aortic balloon pump; presence of thrombus; type C lesions; use of drug-eluting stents; and number of diseased vessels. PCI indicates percutaneous coronary intervention.
obesity," may explain this association in patients with normal BMI because sarcopenic obesity is common in elderly persons 33 and is associated with increased morbidity and mortality. [34] [35] [36] Patients with low serum creatinine in our study had worse angiographic features like intracoronary thrombus and bifurcation lesions at presentation compared with patients with normal creatinine, and this could partly explain the increased long-term cardiovascular mortality. This finding would need prospective measurement of muscle mass or body composition, stratification of this subset based on lifestyle and physical activity, and performance of serial measurements to account for changes over time of weight and BMI. We did not find a significant association between low serum creatinine and mortality in patients with low BMI, possibly secondary to a very small sample size (n=18) and insufficient power. The association of low creatinine with outcomes in the overweight and obese groups is complex and is most likely modified by the obesity paradox. Other possible reasons include a poor correlation between BMI and serum creatinine and nonavailability of cardiorespiratory fitness. Prospective studies with data on cardiorespiratory fitness and central adiposity or national registry studies with more patients with low BMI and low serum creatinine may help elucidate this finding.
Clinical Implications
Unique prognostic markers need to be identified with aging of the population with CAD. In our study, low serum creatinine is associated with higher overall and cardiovascular mortality in patients with normal BMI undergoing PCI. Recognition of this simple laboratory variable can help refine the prognosis of patients with normal BMI. Future studies are needed to further characterize the patients with low serum creatinine and low BMI, especially as it relates to comorbidity, deficit accumulation, physical functioning, and frailty.
Limitations
Our study has several limitations. The patient population includes mainly white participants, and the results of our study may not be generalizable to other races and ethnic Figure 3 . Adjusted association of serum creatinine with cause-specific mortality in patients with normal BMI. The gray line corresponds to a hazard ratio of 1. Hazard ratios (circles) and 95% CIs (error bars) are shown after adjusting for age; sex; BMI; diabetes mellitus; hypertension; smoking; history of myocardial infarction; peripheral vascular disease; cerebrovascular accident; chronic obstructive pulmonary disease; congestive heart failure; hypercholesterolemia; Canadian heart class; unstable angina; history of tumor, lymphoma, or leukemia; metastatic cancer; prior PCI; prior coronary artery bypass grafting; ejection fraction; pre-PCI shock; use of intra-aortic balloon pump; presence of thrombus; type C lesions; use of drug-eluting stents; and number of diseased vessels. BMI indicates body mass index; PCI, percutaneous coronary intervention. groups. In addition, the medical therapy and technologies evolved over the course of the study period, and factors such as these and other unknown factors might have confounded the results of the present study. The number of patients in the low BMI and low serum creatinine group were small, and a larger sample size is needed to confirm our findings. This study was retrospective, so the possibility of selection bias cannot be excluded, and no definitive causal relationships can be inferred. We did not have complete data on bleeding outcomes after PCI because patients with low BMI may have increased risk of procedure-related bleeding. 37 Serum creatinine levels in elderly persons may be misleading because the levels relate not only to skeletal mass but also to the hydration status of the patient and reflect factors relating to formation and clearance. Correlation and analyses of such data with creatinine clearance may be needed.
Conclusions
In elderly patients undergoing PCI, we identified a new subgroup with low serum creatinine and normal BMI that is associated with increased cardiovascular mortality. Low BMI was associated with both cardiovascular and noncardiovascular mortality. Nutritional support, resistance training, and weight-gain strategies should be tested in these patients undergoing PCI.
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